For maintenance microrobots for small diameter pipes in power plants and so on, a novel microgripper using divided-electrode type flexible electro-rheological valves (DE-FERVs) was proposed and developed. Each bendable finger consisted of the DE-FERV and a hydraulic rubber actuator and was several millimeters long. The DE-FERV had an axially divided parallel plate electrode pairs in a flexible tube. Each parallel plate electrode pair controlled the electro-rheological fluid (ERF) flow by changing the viscosity with the electric field. The DE-FERV had both high flexibility and sufficient pressure control range. The hydraulic rubber actuator had plural integrated walls inside to restrict its radial expansion and axially extended by the inner pressure controlled by the DE-FERV. A finger large model was fabricated and experimentally characterized. Then, a gripper having two fingers was constructed and the object handling was demonstrated.
Introduction
Maintenance microrobots for small diameter pipes of 10 mm diameter have been required for power plants, industrial plants, etc. as shown in Fig. 1 (Takeda, 2001) . Such a robot travels wide piping space and performs maintenance tasks. To repair damaged areas of complex shapes, the robot needs a micro hand with a soft microgripper to manipulate the damaged areas, tools, etc.
Several microgrippers have been proposed using piezoelectric element (Zubir et al., 2009) , shape memory alloy (SMA) (Kyung et al., 2008) (Leester-Schadel et al. 2008) , electro-thermal effect (Krecinic et al., 2008) , electroactive polymer (Lumia and Shahinpoor, 2008) (Maleki et al., 2012) , fluid power (Jeong and Konishi, 2006) (Gorissen, 2013) , Fig. 1 Schematic of an in-pipe working microrobot. The robot travels wide piping space and performs maintenance tasks. To repair damaged areas of complex shapes, the robot needs a micro hand with a soft microgripper to manipulate the damaged areas, tools, etc.
and so on. This paper presents a novel soft microgripper using electro-rheological fluid (ERF), which can handle objects and tools softly and stably. Such soft microgrippers can also manipulate biological cells and other fragile objects.
We have been developing microactuators using ERF with high power density (De Volder et al., 2006 ) (Kim et al., 2009) (Yoshida et al. 2005 ) (Yoshida et al., 2010) . The ERF changes its apparent viscosity when subjected to electric field, which is called the ER effect. The ER effect mechanism of a nematic liquid crystal, one of the homogeneous ERFs, is explained by the orientation change of the rod-like molecules due to the electric field as shown in Fig. 2 (De Volder et al., 2006) . Owing to the characteristics mentioned above, an ERF flow between a pair of parallel plate electrodes can be easily controlled by applying voltage. The flow control device is called the ER valve and can be miniaturized due to its simple structure without moving parts. Especially, the ER valve using homogeneous ERF such as a nematic liquid crystal can have narrower flow channels without clogging due to particles and requires lower control voltage. Though nematic liquid crystals are expensive, microsystems require only small amount.
We have proposed and developed a microgripper using a cantilever type flexible ER valves (C-FERVs) (Yoshida et al., 2010) . The C-FERV (Kim et al., 2009 ) consisted of thin cantilever shaped flow channels made of flexible plastic material (photoresist SU-8) and thin metallic electrodes; it had high flexibility. The C-FERV controlled the inner pressure of a movable chamber with a displacement constraint element and bended the finger (Yoshida et al., 2010) . The bending motion was confirmed, however, the rigidity of the C-FERV was still high so that the tip displacement was small and insufficient for handling objects.
In this paper, a novel microgripper using divided-electrode type flexible ER valves (DE-FERVs) is proposed, and its large model is developed and demonstrated. The finger consists of the DE-FERV and a hydraulic rubber actuator. The DE-FERV has axially divided parallel plate electrode pairs in a flexible tube, which results in high flexibility and large pressure control range. The hydraulic rubber actuator has plural integrated walls inside and generated large axial extension. Figure 3 shows schematics of the proposed microgripper. Figures (a) and (b) show the overall structure and the structure of the finger, respectively. The finger consists of the DE-FERV and the hydraulic rubber actuator.
Proposal of microgripper using DE-FERVs
An ER valve consists of a flow channel sandwiched by a pair of parallel plate electrodes, and controls the ERF flow by applying electric field. To increase the flow channel resistance for large pressure control range, small height, small width and/or long length are required. However, with small height of the flow channel, the response is degraded (Yoshida et al. 2005) . With small width of the flow channel, the ER effect is degraded due to relatively large area of the side walls which do not contribute to the ER effect. Hence, large length of the flow channel is required to obtain sufficiently large pressure control range in an ER valve.
To realize both large pressure control range and high flexibility, the proposed DE-FERV has axially divided parallel plate electrode pairs in a flexible tube made of e.g. PDMS (Polydimethylsiloxane), a kind of silicone rubber. The Young's modulus of PDMS is 1/500 or lower than that of SU-8 which is a main material of the previous C-FERV (Yoshida et al. 2005 ) (Yoshida et al., 2010) , which results in high flexibility of the DE-FERV. The divided electrodes and electric wires are integrated and it is called the electrode part. The hydraulic rubber actuator shown in Fig. 3 (b) has plural integrated walls inside and extends axially with restricting the radial expansion. Due to the extension of the hydraulic rubber actuator controlled with the DE-FERV, each finger is bent with high axial stiffness of the DE-FERV as shown in Fig. 3(a) , and the microgripper can perform open/close motions.
Fabrication and characterization of DE-FERV

Design of DE-FERV
To investigate the basic characteristics of the proposed DE-FERV, the valve was designed and fabricated for a 10-mm long finger large model. First, the electrode shape was investigated by FEM simulations using COMSOL Multiphysics ® . Figure 4 shows the analyzed finger models. The width and the height of the flow channel were 1 mm and 0.1 mm, respectively and the total length of the electrode channel was 5 mm except for the electric wire parts. The materials were nickel for the electrodes, rubber for the flexible tube, and epoxy resin for the insulation spacers. Table 1 shows the physical properties of the materials used in the FEM simulations. The tip displacement of the finger was calculated for the electrode shapes A, B and C in Fig. 4 (c). As shown in Fig. 5 (a), the tip displacement of the electrode shape A was the largest value with Z-shaped electric wires to adapt the extension/contraction in bending of the DE-FERV. For the electrode shapes A and B which have large tip displacement, the Von Mises stress of the finger was calculated. As shown in Fig. 5 (b), the Von Mises stress of the electrode shape A was smaller than that of the electrode shape B. Hence, in this study, the electrode shape A was selected. Second, the thickness t of the electrode shape A was investigated. Figure 6 shows the analyzed results. The tip displacement decreased with increasing the thickness t. The Von Mises stress also decreased with increasing the thickness t and the value at t =0.02 mm was far smaller than that at t =0.01 mm. Hence, both the tip displacement and the Von Mises stress were taken into consideration, t = 0.02 mm was selected.
Third, the shape parameter x A of the electrode shape A was investigated. Figure 7 shows the analyzed results. The tip displacement decreased with increasing the length x A . The Von Mises stress had the smallest value at x A = 0.3 mm. Hence, both the tip displacement and the Von Mises stress were taken into consideration, x A = 0.3 mm was selected. Finally, the shape parameter y of the electrode shape A was investigated. Figure 8 shows the analyzed results. Both variations of the tip displacement and the Von Mises stress were small. Hence, in this study, the easiness of fabrication was taken into consideration, y = 0.3 mm was selected.
As a result of FEM simulations, the electrode shape A with thickness t = 0.02 mm, length x A = 0.3 mm and length y = 0.3 mm were selected.
Fabrication of DE-FERV
The designed DE-FERV was fabricated by the following process as shown in Fig. 9: 1) Fabrication of electrode parts:
The upper and lower electrode parts (electrode shape A) shown in Fig. 4 (c) were fabricated by machining.
2) Fabrication of electrode part pair: A parting agent was applied to the lower electrode part; a tentative stainless steel spacer was put on it; an epoxy resin adhesive was applied to both sides of the electrode part; the upper electrode part was put on it and fixed. Then the adhesive was cured. The outside of the electrode part pair was covered with an epoxy resin. Finally, the outside of the adhesive was cut off. The cured adhesive became insulation spacers.
3) Fabrication of rubber tube:
The primer applied electrode part pair, a PDMS sheet, and liquid PDMS were put in the mold made of polyetherimide, and the PDMS was cured. Then the outside of the PDMS was cut off. Finally the tentative stainless steel spacer was pulled out. 
4) Electric wiring:
The electric wires were connected to the electrode pads. Figure 10 shows the fabricated DE-FERV. The length, width and height of the flow channel were 10 mm, 1 mm, and 0.12 mm, respectively. Figure 11 shows the experimental setup to characterize the DE-FERV. The flow rate was applied to the fabricated DE-FERV with a gear pump through upstream throttle valves A and B. The differential pressure was measured with a pressure transducer (p c ) (KH15, NAGANO KEIKI CO., LTD., measuring range: 0 -300 kPa) and the flow rate was calculated from the measured outflow mass of the ERF in a certain period. The homogeneous ERF was a nematic liquid crystal (MLC-6457-000, Merck Ltd., Japan. base viscosity: 23 mPa⋅s at 23 °C).
Experimental characterization of DE-FERV
Figure 12(a) shows the measured static characteristics between the differential pressure and the flow rate of the first prototype. The differential pressure variation was small because the flow channel height was increased by the pressure. Hence, reinforcing the electrode pairs using an epoxy resin adhesive, an improved prototype was fabricated. Figure 12(b) shows the static characteristics of the improved prototype. The differential pressure variation was increased. The pressure variation was smaller than the previous ER valves due to the pressure drop in the flexible tube. Subtracting this pressure drop, the estimated ER effect index which is the ratio of the maximum viscosity to the base viscosity without electric field was 7.8, which is the same as the previous results (Yoshida et al., 2010) . At high flow rate, the pressure variation decreased, which is thought to be due to the flow channel height increase with the pressure increase and requires future improvements. In the following, the improved DE-FERV was used in the experiments. Then step responses of the differential pressure of the improved prototype were measured for a stepwise change of the electric field. The flow rate was almost constant with large opening of the valve A and small opening of the valve B. Figure 13 shows the measured differential pressure at a flow rate of 5 mm 3 /s. The electric field strength step width was 5 kV/mm. The rise times were 1.6 s for pressure increase and 1.1 s for pressure decrease. The lower response than the previous results is thought to be due to the flow channel height increase with the pressure increase.
Fabrication and experimental characterization of gripper
Design of finger large model
The optimal structure of the hydraulic rubber actuator was investigated by FEM simulations using COMSOL Multiphysics ® . Varying the sectional shape, the chamber length l c and the chamber film thickness t c , the tip displacement of the finger was calculated. The other lengths were the same as the values in Fig. 4(b) . The DE-FERV design in section 3.1 was employed. Figure 14 (a) shows the evaluated sectional shapes with the height of 1 mm and the width of 2 mm: Triangle, semicircle, rectangle with R0.5, and rectangle. The chamber length l c = 1 mm and the chamber film thickness t c = 0.1 mm. Figure 14(b) shows the analyzed results. The calculated tip displacement of the rectangle shape was the largest value and it was selected in this study.
As for the chamber film thickness t c , considering the strength of the rubber chamber, 0.1, 0.15, and 0.2 mm were evaluated. The sectional shape was rectangle with the chamber length l c = 1 mm. The calculated tip displacement with the chamber film thickness t c = 0.1 mm was the largest value and it was selected in this study. Figure 15 shows the analyzed results for the chamber length l c . The sectional shape was rectangle with the chamber film thickness t c = 0.1 mm. The calculated tip displacement with the chamber length l c = 1.75 mm was the largest value up to pressure of 30 kPa. At higher pressure, the calculations were not converged. Considering the mold fabrication, the chamber length l c = 1.5 mm was selected in this study.
As the optimal parameters, the sectional shape of rectangle, the chamber film thickness t c = 0.1 mm, and the chamber length l c = 1.5 mm were obtained.
Fabrication of finger large model
Based on the design in section 4.1, a finger large model was fabricated. Figure 16(a) shows the overall structure. The length, width and height were 10 mm, 2 mm and 1.8 mm, respectively. The Young's modulus of PDMS was adjusted to be about 0.9 MPa with the mixing ratio of the main agent and the curing agent. The fabrication process was as follows:
1) Fabrication of DE-FERV:
The DE-FERV was fabricated like in section 3.2. However, the tentative stainless steel spacer was not pulled out at this stage.
2) Fabrication of hydraulic rubber actuator:
The polyetherimide mold was filled with the degassed liquid PDMS; the PDMS was cured; the hydraulic rubber actuator was fabricated.
3) Adhesion of the DE-FERV, the hydraulic rubber actuator and the cap:
The DE-FERV in 1), the hydraulic rubber actuator in 2) and a cap made of polyetherimide were adhered to each other with liquid PDMS. Finally the tentative stainless steel spacer was pulled out. 
Static characteristics of finger large model
As preliminary experiments, the static characteristics of the finger large model were measured by a laser displacement meter (LK-G35+LK-GD500, KEYENCE CORPORATION, measuring range: ±5 mm) under air pressure. Figure 17 shows the measured tip displacement. The tip displacement increased with increasing the applied air pressure and decreased with decreasing the air pressure. It was found that the hysteresis was very small.
The output force was also measured applying air pressure. Figure 18 (a) shows object holding of the proposed gripper. The bent finger generates the holding force. Hence, the output force with offset x 0 was measured by a digital force gauge (FGP-0.2, NIDEC-SHIMPO CORPORATION, measuring range: ±2 N) as shown in Fig. 18(b) . shows the measured results. At zero air pressure, the finger was bent and output force was generated. Increasing the air pressure, the bend was decreased and finally the output force became zero. Based on the measured results in Fig. 19 , for example, an object of 2 mm wide (x 0 = 1 mm) can be held with holding force of 8 mN at zero pressure and released at about 60 kPa. Assuming the friction coefficient to be 0.5, it was estimated that the gripper having two fingers can hang up an object of 0.8 g mass. Then, attaching an upstream throttle valve with constant opening, the tip displacement of the finger was measured by a laser displacement meter using ERF. Figure 20 shows the relation between the tip displacement and the applied At zero pressure, the finger was bent and output force was generated. Increasing the air pressure, the bend was decreased and finally the output force became zero.
electric field strength. The zero displacement is corresponding to the value without pressure and electric field. At the zero electric field strength, small tip displacement was occurred with the applied pressure. With the applied pressure of 300 kPa, the maximum tip displacement change of 1 mm was obtained. The ratio of the tip displacement variation to the finger length is 5.4 times larger than the previous result (Yoshida et al., 2010) , which proves the validity of the proposed microgripper.
Fabrication of gripper and object handling experiment
A gripper with two fingers in section 4.2 was fabricated and object handling experiment was performed. On the tips inside, 1.5 mm long claws were attached. The manipulated object was a male screw with 2 mm in outside diameter, 5 mm in length, and 0.23 g in mass. Figure 21 demonstrates the object handling. The upward/downward motion was operated manually. It was confirmed that the gripper can handle small objects.
Conclusions
In this paper, a novel microgripper using DE-FERVs was proposed and developed. The main results are summarized as follows: 1) A novel microgripper using DE-FERVs was proposed. 2) A DE-FERV for a 10-mm long finger large model was designed using FEM simulations, fabricated, and experimentally characterized. The valve characteristics were confirmed. 3) A 10-mm long finger large model was designed using FEM simulations, fabricated, and experimentally characterized. The tip displacement change of 1 mm was obtained whose ratio to the finger length is 5.4 times higher than the previous results. 4) By using the finger large models, a gripper having two fingers was fabricated and the object handling performance was demonstrated.
